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The purified PMCA supplemented with phosphatidylcholine was able to hydrolyze pNPP in a reaction media containing only Mg2+ and K+.
Micromolar concentrations of Ca2+ inhibited about 75% of the pNPPase activity while the inhibition of the remainder 25% required higher Ca2+
concentrations. Acidic lipids increased 5–10 fold the pNPPase activity either in the presence or in the absence of Ca2+. The activation by acidic
lipids took place without a significant change in the apparent affinities for pNPP or K+ but the apparent affinity of the enzyme for Mg2+ increased
about 10 fold. Thus, the stimulation of the pNPPase activity of the PMCA by acidic lipids was maximal at low concentrations of Mg2+. Although
with differing apparent affinities vanadate, phosphate, ATP and ADP were all inhibitors of the pNPPase activity and their effects were not
significantly affected by acidic lipids. These results indicate that (a) the phosphatase function of the PMCA is optimal when the enzyme is in its
activated Ca2+ free conformation (E2) and (b) the PMCA can be activated by acidic lipids in the absence of Ca2+ and the activation improves the
interaction of the enzyme with Mg2+.
© 2007 Elsevier B.V. All rights reserved.Keywords: Plasma membrane Ca2+ pump; Ca2+ ATPase; Phospatese; P-ATPase; Acidic lipids; Mg2+; pNPP; PMCA; pNPPase1. Introduction
The Ca2+ ATPase from plasma membranes (PMCA) belongs
to the P-type family that couple the free energy released from
ATP hydrolysis with the vectorial translocation of ions across
cellular membranes [1]. The molecular mass of the PMCAs is
about 135 kDa and the overall topology is predicted to be
similar to that of other P-type ion ATPases [2]. Following the
domain organization described for the sarco/endoplasmic
reticulum Ca2+ ATPase (SERCA) [3], the PMCA protein
would contain three cytosolic domains, nucleotide-binding (N),
phosphorylation (P) and actuator (A), a transmembrane region
of 10 segments (M1-M10) and minor extra cellular loops. The
long C-terminal segment (C region) of the PMCA followingAbbreviations: pPMCA, plasma membrane Ca2+ pump from pig erythro-
cytes; pNPP, p-nitrophenylphosphate; EGTA, ethylene glycol bis(b-aminoethyl
ether)-N,N,N′,N′-tetraacetic acid; PC, phosphatidylcholine; PS, phosphatidyl-
serine; BE, lipid extract from bovine brain; CaM, calmodulin; EP,
phosphoenzyme
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doi:10.1016/j.bbamem.2007.04.019M10 functions as an autoinhibitory domain and includes a
calmodulin-binding site.
Despite recent criticisms [4], the mechanism of ion transport
by the P-type ATPases is usually interpreted in terms of the
E1E2 reaction cycle involving two conformational states of the
enzyme known as E1 and E2 [5]. The binding of the transported
ion displaces the equilibrium between E2 and E1 toward E1
which then reacts with ATP leading to the formation of the
phosphoenzyme intermediate characteristic of the P-ATPases
and the concomitant ion occlusion. The liberation of the
transported ion to the other side of the membranes requires the
hydrolysis of the phosphoaspartyl-enzyme and the regeneration
of the E2 form.
Under physiological conditions the hydrolysis of ATP is
tightly coupled to the transport process and hence it requires the
presence of the transported ion. However it has been shown that
the Na+-K+-ATPase and the SERCA pump can hydrolyze ATP
and other non-nucleotide substrates as pNPP in the absence of
the transported ion [6–8]. The magnitude of this phosphatase
activity seems to depend on the nature of the phosphate
substrate and the particular P-ATPase. Because this activity
Fig. 1. pNPPase activity of the purified pPMCA supplemented with either PC,
PC+calmodulin+Ca2+, PS, a mixture of acidic lipids (BE) or PS+calmodulin+
Ca2+. When present the concentration of calmodulin and Ca2+ were 246 nM and
1 μM, respectively. The reaction was carried out at 37 °C for 10 min. The
composition of the reaction media is indicated in Materials and methods. The
lipids were used at a final concentration of 87 μg/ml.
1778 L.R. Mazzitelli, H.P. Adamo / Biochimica et Biophysica Acta 1768 (2007) 1777–1783does not require the presence of the transported ion it has been
associated with the E2 conformation.
Most of the information on the phosphatase activity of the
PMCA has been obtained in the presence of ATP, Ca2+ and
calmodulin. Recent studies however suggest that neither of
these ligands is strictly essential [9,10]. The knowledge about
the phosphatase activity of the PMCA is of value insofar as it
provides further insights into the catalytic mechanism of the
enzyme. Here we have taken advantage of a purified preparation
of PMCA of high specific activity to study the ability of the
PMCA to hydrolyze pNPP.
We found that the PMCA attains its maximal pNPPase
activity in the absence of Ca2+ and this activity was highly
dependent on the concentration of Mg2+, K+ and the nature of
the accompanying lipids. We found that acidic lipids stimulated
the ability of the PMCA to hydrolyze pNPP specifically
increasing the apparent affinity of the enzyme for Mg2+.
2. Materials and methods
2.1. Source of materials
CaCl2 solutions were prepared from AnalaR CaCO3 (BDH Chemicals Ltd.,
Poole, Dorset, UK). L-a-phosphatidylcholine (Type XVI from fresh egg yolk), L-
a-phosphatidyl-L-serine, Brain extract (Type I Folch Fraction I from bovine
brain containing approximately 10% phosphatidylinositol, 50% phosphatidyl-
serine, and other lipids), p-nitrophenylphosphate (di-tris salt) and all other salts
and reagents were from Sigma Chemical Co.
2.2. Enzyme preparation
The PMCA was isolated from pig red cells as described previously [11].
Briefly, membranes from pig red cells were resuspended in purification buffer
(20 mM MOPSK, pH 7.4 at 4 °C, 20% glycerol, 130 mM KCl, 1 mM MgCl2,
2 mM dithiothreitol, 1 mM phenylmethylsulfonylfluoride and 100 μM Ca2+)
and were solubilized with C12E10 at 5 mg/ml for 10 min. After removing the
non-solubilized material by centrifugation at 40,000×g for 20 min the
solubilizate was applied to an agarose-calmodulin column. The column was
washed with 10 bed volumes of the same buffer with 0.5 mg/ml of C12E10 and
the PMCAwas eluted in a buffer of the same composition but containing 1 mM
EGTA-K instead CaCl2. Protein concentrations were measured as described
previously [11].
2.3. Measurement of pNPP hydrolysis
Linear rates of pNPP hydrolysis were measured at 37 °C by following the
release of pnitrophenol from p-nitrophenylphosphate as previously described
[12]. Unless indicated otherwise in the description of each experiment the
standard mixture was 20 mM HEPES-K pH 7.2 at 37 °C, 100 mM KCl, 0.5 mM
EGTA, 4 mM MgCl2, 0.17 mg/ml of C12E10, 87 μg/ml of lipid and 2 μg of
purified PMCA, in a total assay volume of 0.3ml. The incubation timewas varied
according to the level of activity from 5 to 30 min. The reaction was stopped by
the addition of 1 ml of 1MNaOH. The tubes were centrifuged at 14,000 rpm in a
microcentrifuge for 5 min and the supernatants were monitored for the optical
density at 410 nm. Blanks obtained without protein were subtracted from each
point. A molar extinction coefficient of 1.78×104M−1 cm−1 was used to convert
optical density in micromoles of p-nitrophenol released.
2.4. Ca2+ and Mg2+ concentration
The free concentrations of Ca2+ and Mg2+ were calculated using the program
MaxC (http://www.stanford.edu/~cpatton/webmaxcS.htm) taking into account
the pH and the concentrations of CaCl2, MgCl2, EGTA and ATP. Salts, buffers
and water were considered as the source of 10 μM CaCl2 contaminant.2.5. Vanadate, phosphate, ATP and ADP solutions
Stock solutions of vanadate were prepared by dissolving ammonium
metavanadate in water adjusted at pH 10 with NaOH. Phosphate solutions were
prepared from PO4H2Na–PO4HNa2 and neutralized at pH 7.1. ATP and ADP
solutions were prepared from the disodium salts and neutralized at pH 7.1.
2.6. Data presentation
Except where otherwise indicated, the data presented correspond to the mean
values of at least three independent assays. Kinetic parameters were obtained
after curve fitting by nonlinear regression algorithm using the SigmaPlot
software (Jandel Scientific).3. Results
3.1. The pNPP hydrolysis by the PMCA is maximal in the
presence of acidic lipids, Mg2+ and K+
As shown in Fig. 1, the purified pPMCA supplemented with
87 μg/ml of PC and 0.17 mg/ml of C12E10 was able to
hydrolyze pNPP in a reaction media containing 4 mMMg2+ and
100 mm K+. In agreement with previous studies [13] Ca2+-CaM
stimulated the pNPPase activity. The substitution of PC either
by PS or a mixture of lipids rich in phosphoinositides (BE)
increased the pNPPase activity in the absence of Ca2+-CaM 5–
10 fold. The addition of calmodulin did not change the activity
of the enzyme supplemented with PS. The pNPPase activity
increased with the concentration of pNPP along a hyperbolic
curve with a Km of about 15 mM either in the presence of PC or
BE (not shown).
Fig. 2 shows the effect of increasing Ca2+ concentrations on
the pNPPase activity of the PMCA supplemented either with PC
or BE. As the concentration of Ca2+ increased, the pNPPase
activity decreased. The inhibition by Ca2+ was biphasic and was
best fitted by assuming two hyperbolic components, one
comprising about 72% of the pNPPase was inhibited by Ca2+
Fig. 3. Mg2+ dependence of the pNPPase activity of the on the pNPPase activity
of the pPMCA supplementedwith either PC (empty circles) or BE (filled circles).
The pNPP hydrolysis was measured in the standard media as described in
Materials and methods. The points of free Mg2+ below 0.4 mMwere obtained by
adding enough EDTA to the standard media containing 0.4 mMMgCl2. PC data
were fitted by the Michaelis–Menten equation using the following parameters:
KMg
2+=9±3mM,Vm=0.35±0.04; The data obtainedwith BEwere fitted by the
equation v=Vm Mg2+/(Mg2++KMg
2++(Mg2+)2/(KiMg
2+) with the following
parameters for BE, Vm=4.5±0.5, KMg
2+=1.2±0.3 mM, KiMg
2+=32±12 mM.
The velocities are given in μmol/mg/min. In panels A and B the pNPPase activity
is represented in linear and logarithmic scale respectively.
Fig. 2. Effect of Ca2+ on the pNPPase activity of the purified pPMCA
supplemented with either PC (empty circles) or BE (filled circles). The lines are
the best fit to the data given by the equation v=V1.Km1/(Km1+Ca
2+)+V2.
Km2 / (Km2+Ca
2+) with the following parameters: PC, V1=0.28±0.02,
V2=0.13±0.01, Km1=0.39±0.08, Km2=153±48; BE, V1=2.82±0.26,
V2=0.92±0.26, Km1=0.48±0.15, Km2=61±45. The velocities are given in
μmol/mg/min and the apparent constants in mM. In panels A and B the pNPPase
activity is represented in linear and logarithmic scale respectively.
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sensitive to Ca2+ inhibition (K2=150 μM).
It has been previously shown that organic solvents such as
DMSO increase the pNPPase activity of the PMCA and renders
it less sensitive to Ca2+ inhibition [9]. In agreement with these
previous observations, we found that in the absence of Ca2+ the
addition of 20% glycerol increased about 2 fold the pNPPase
activity of the enzyme supplemented with either PC or BE (not
shown). Moreover, the analysis of the fitted curves showed that
the major effects of glycerol were on pNPPase in the presence of
Ca2+. In the presence of 20% glycerol the low affinity
component of Ca2+ inhibition had a Vmax 4 fold higher and
the K2 increased to about 600 μM.
3.2. Mg2+ dependence of PMCA-pNPPase
Fig. 3 shows the effects of Mg2+ on the pNPPase of the
pPMCA. In the presence of PC, 100 mM K+ and 12 mM pNPP
the pNPPase activity increased with the concentration of Mg2+
following an hyperbolic curve that reached a maximum at about
14 mM Mg2+. When the enzyme was activated by acidic lipids
the pNPPase activity was higher, and the dependency with theconcentration of Mg2+ was biphasic: it increased rapidly up to
about 4 mM Mg2+ and it slightly decreased at higher
concentrations. Because acidic lipids increased the apparent
affinity for Mg2+, the maximal stimulation by acidic lipids was
obtained at low concentrations of Mg2+. In contrast no change
in Mg2+ dependency was detected when the pNPPase activity
was measured in the presence of 20% glycerol (not shown).
3.3. K+ dependence of PMCA-pNPPase
Previous measurements of the pNPPase activity of the
PMCA in the presence of Ca2+ and ATP [14] indicated that the
activity was highly dependent on the concentration of K+. Fig. 4
shows that this was also the case in the absence of Ca2+. At the
lower concentration of K+ tested corresponding to 3 mM K+,
the pNPPase activity was about 10–20% of the maximal
activity. The experimental points were best fitted by a hyper-
bolic curve with a half maximal activity at about 30 mM K+ and
Fig. 4. Effect of K+ on the pNPPase activity of the pPMCA supplemented
with either PC (empty circles) or BE (filled circles). The pNPPase activity
was measured in the standard reaction media except that 20 mM HEPES-K
was replaced by 20 mM Tris–HCl and 100 mM KCl was replaced by the
concentration of KCl indicated in the plot and completed to 146 mM with
choline chloride. The lines are the best fit to the data given by the
Michaelis–Menten equation using the following parameters: PC, KK
+=32±
5 mM, Vm=1.28±0.07 μmol/mg/min; BE, KK
+=18±2 mM, Vm=3.38±
0.12 μmol/mg/min.
Fig. 5. (A) Effect of inorganic phosphate on the pNPPase activity of the pPMCA
supplemented with either PC (empty circles) or BE (filled circles). The lines are
the best fit to the data given by the equation v=Vm/(1+Phosphate/ KiP) using
the following parameters: PC, KiP=14±1 mM, Vm=0.45±0.01 μmol/mg/min;
BE, KiP=10±2 mM, Vm=3.27±0.06 μmol/mg/min. (B) Effect of vanadate on
the pNPPase activity of the pPMCA supplemented with either PC (empty
circles) or BE (filled circles). The lines are the best fit to the data given by the
equation v=Vm/(1+Vanadate/KiP) using the following parameters: PC,
Kiv=1.11±0.04 μM, Vm=0.49±0.01 μmol/mg/min; BE, Kiv=0.60±0.05
μM, Vm=3.86±0.11 μmol/mg/min.
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lipids the pNPPase activity was higher at all the concentrations
of K+ tested.
3.4. Inhibition of the PMCA-pNPPase by phosphate and
vanadate
The stimulation of the pNPPase activity by acidic lipids
could be associated with the stabilization of the enzyme in the
E2 conformation of higher catalytic activity. Since phosphate
and vanadate are known ligands of the E2 conformer, their
effect on the pNPPase activity of the PMCA were tested either
in the presence of PC or BE. As shown in Fig. 5A, the pNPPase
activity was not affected by low concentrations of phosphate,
and slightly decreased at concentrations of phosphate higher
than 1 mM. Vanadate in contrast inhibited the pNPPase activity
with high affinity (Ki≈1 μM) (Fig. 5B). In comparison with
their effect at increasing the maximal pNPPase activity, acidic
lipids minimally increased the apparent affinity for either
phosphate or vanadate.
3.5. Inhibition of the PMCA-pNPPase by ATP and ADP
It has been previously shown that the response of the
pNPPase activity in the presence of Ca2+ to ATP is biphasic,
increasing at micromolar concentrations of ATP and decreasing
at higher concentrations [12]. In contrast in the absence of Ca2+
the pNPPase activity decreased as the concentration of ATP
increased following an hyperbolic curve with Ki=500 μM (Fig.
6A). The addition of acidic lipids did not significantly change
the apparent affinity of ATP as inhibitor of the pNPPase activity.
Fig. 6B shows that ADP also inhibited the pNPPase activity
with lower apparent affinity (Ki=2.5 mM). Moreover, the
addition of enough Ca2+ to saturate the high affinity Ca2+ site
did not change the inhibitory effect of ADP but decreased its
apparent affinity.4. Discussion
4.1. Ca2+ inhibition of the pNPPase activity
The PMCA was first shown to be capable of hydrolyzing
pNPP by [14]. The initial studies suggested that for this activity
the PMCA required Ca2+ and ATP. However, it was found that
the pNPPase could be elicited by Ca2+-calmodulin in the
absence of ATP [13] and latter it was suggested that during the
Ca2+-calmodulin stimulated pNPPase Ca2+ was only required to
promote the formation of the Ca2+-calmodulin complex [15].
Indeed, the mentioned study and others that followed [9,10]
suggested that pNPP hydrolysis is made possible by a particular
E2 conformation of the PMCA which is deprived by Ca2+. In
agreement with this idea, we found that the presence of Ca2+
decreased the pNPPase activity of the purified PMCA.
Our data on the Ca2+ inhibition of the pNPPase activity were
better fitted by two independent components rather than by a
cooperative model assumed by the Hill equation [9]. If the high
affinity Ca2+ inhibition of the pNPPase is ascribed to the bin-
ding of Ca2+ to the Ca2+ transport site, our data would indicate
Fig. 6. (A) Effect of ATP on the pNPPase activity of the pPMCA supplemented
with either PC (empty circles) or BE (filled circles). The lines are the best fit to
the data given by the equation v=Vm/(1+ ATP/ KiATP) using the following
parameters: PC, KiATP=450±98 μM, Vm=0.22±0.01 μmol/mg/min; BE,
KiATP=761±58 μM, Vm=4.99±0.06 μmol/mg/min. (B) Effect of ADP on
the pNPPase activity of the pPMCA supplemented with BE either in the
absence (filled circles) or in the presence (filled triangles) of 8 μM Ca2+. The
lines are the best fit to the data given by the equation v=Vm/(1+ADP/ KiADP)
using the following parameters: without Ca2+ KiADP=2.6±0.1 mM,
Vm=4.16±0.01 μmol/mg/min; with Ca2+ KiADP=5.2±0.1 mM, Vm=2.16±
0.10 μmol/mg/min.
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identical sites suffices for reducing 75% of the pNPPase
activity. The fact that the binding of Ca2+ confers the PMCA the
ability to hydrolyze ATP while it reduced its ability to hydrolyze
pNPP may account in part for the failure of pNPP to sustain a
significant rate of Ca2+ transport by the PMCA [16]. It is
noteworthy that albeit with low efficiency, the SERCA pump is
capable of Ca2+ transport using pNPP as a substrate [6].
Crystallographic and kinetics studies of the SERCA [17,18]
have shown that the binding of ATP to the CaE1 form of the
enzyme induces a conformational change that bring together the
A, N, and P domains which are widely separated without
nucleotide. It is tempting to suggest that the transport activity
supported by pNPP in each pump depends on its capacity for
inducing a conformational change in CaE1 similar to that
produced by the binding of ATP. Whether under these
conditions pNPP triggers the catalytic cycle and sustains a
low rate of Ca2+ transport by the PMCAwhich may have gone
undetected in previous studies is an open question. Work with
SERCA1a has shown that a critical structural rearrangement forE2P hydrolysis is the rotation of domain A bringing the
conserved TGES motive near the aspartyl phosphate. It is
conceivable that the higher competence of the E2-like
conformations for hydrolyzing pNPP is related to a similar
involvement of domain A. On the other hand, the persistence of
some pNPPase activity at concentrations of Ca2+ high enough
to saturate the transport site may be indicative, as previously
suggested [9], that the E1 conformer of the PMCA has low but
non-zero phosphatase activity. If this was so, pNPP would be
hydrolyzed by a mechanism independent of the TGES motif of
domain A. Although in other P-ATPases the TGES motif of
domain A has been shown to be required for dephosphorylation
of both E2P and E1P [19], the isolated central loop of the Na+/
K+-ATPase is capable of hydrolyzing pNPP in the absence of
domain A albeit at very low rate [20].
4.2. Stimulation of the pNPPase activity by acidic lipids
Previous studies have shown that in the presence of neutral
lipids and in the absence of calmodulin the PMCA exhibits low
Ca2+ATPase and (Ca2++ATP) pNPPase activities due to
autoinhibition by the C-terminal region of the pump [21]. The
binding of calmodulin or acidic lipids, or the removal of the C-
terminal autoinhibitory peptide by proteolysis or deletion
mutagenesis stabilizes the PMCA in an activated state. It has
been proposed that in the human PMCA isoform 4xb acidic
phospholipids exert an additional activation over that produced
by calmodulin, and this effect would involve an independent
acidic lipid-responsive region [22]. However, the results
presented here show that acidic lipids and calmodulin were
equally effective at increasing the pNPPase activity of the
solubilized pPMCA and therefore the activation of the pNPPase
by acidic lipids reported here is likely related with the loss of the
inhibition by the C-terminal autoinhibitory segment. A recent
study [10] has shown that gangliosides produce an activation of
the pNPPase activity of the PMCA similar to that reported here
suggesting that the activation of the pNPPase is not a specific
property of a particular type of acidic lipids.
We found that the Ca2+-free enzyme supplemented with PC
exhibited a low pNPPase activity suggesting that it was
inhibited by the C-terminal segment. Thus, the C-terminal
inhibitory region does not seem to detach from its acceptor site
when the enzyme is in the E2 conformation. Moreover, our
results suggest that acidic lipids did not alter the equilibrium
between E2 and E1 since they (i) induced a similar increase of
the phosphatase activity either in the absence or in the presence
of Ca2+ and (ii) had a small effect on the apparent affinity for
vanadate. These results are consistent with a recent study of the
partial reactions of the PMCA catalytic cycle [11].
The addition of glycerol stimulated the PMCA's pNPPase
activity but at variance with an earlier report [23] we found that
Ca2+ inhibited the pNPPase activity regardless of the presence
or absence of glycerol. Indeed we found that the major effect of
glycerol was to increase the pNPPase activity in the presence of
Ca2+. This result could be accounted for if, as suggested for
DMSO [9], glycerol stimulates the ability of E1 to hydrolyze
pNPP.
Scheme 1. Diagrammatic scheme indicating possible steps involved in the
hydrolysis of ATP and pNPP carried out by the PMCA.
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or absence of acidic lipids
We found that the pNPPase activity of the PMCA exhibited
an absolute requirement for Mg2+. It is noteworthy that a recent
study show that the coordination of Mg2+ in SERCA differs in
E1 (Mg2+ site I) and E2 (Mg2+ site II) [24]. Because our
measurements were made in the absence of Ca2+ they provide
the first assessment of the apparent affinity for Mg2+ of the
PMCA in the E2 conformation. We found that under these
conditions the concentration of Mg2+ required for optimal
pNPPase activity changed with the lipidic environment of the
enzyme. The higher apparent affinity for Mg2+ of the acidic
lipid-activated PMCA could indicate the potential of acidic
lipids to influence the conformation of the Mg2+ site. The fact
that the acidic lipid-induced reduction in the K Mg2+ for the
activation of the pNPPase took place with a concomitant
increase of the maximal activity (Kcat), suggests that acidic
lipids improved both the interaction of the E2 form of the
enzyme with Mg2+ and the catalytic efficiency of the PMCA–
Mg–pNPP complex. Concentrations of Mg2+ above the
optimal inhibited the pNPPase activity. The inhibitory effect
of Mg2+ was most noticeable when the enzyme was activated
by acidic lipids probably because in this condition the value
of K Mg2+ was more distant from that of the Ki Mg2+. The
antagonizing effect of high concentrations of Mg2+ on the
activation of the PMCA by acidic lipids has been noticed
earlier [25] and it may result from a direct effect of Mg2+ on
the enzyme or on the physicochemical properties of the lipids.
Work in progress in this laboratory however favors the former
hypothesis since high concentrations of Mg2+ seem to force
the enzyme into its autoinhibited state (Corradi et al.,
unpublished observations).
4.4. Activation of the pNPPase activity by K+
In agreement with previous observations made in the
presence of Ca2+ and ATP [14], our results show that the
pNPPase activity in the absence of Ca2+ was critically
dependent on the concentration of K+. Moreover, the
dependency of the pNPPase activity with the concentration of
K+ suggest that, like Mg2+, K+ functions as an essential cofactor
during pNPP hydrolysis. The activation by acidic lipids
persisted at saturating concentrations of K+ suggesting that
the effects of acidic lipids and K+ on the pNPPase activity were
additive.
The activation of the pNPPase activity by K+ may be related
to our previous observations showing that K+ activates the
partial reactions of the catalytic cycle involving the E2
conformer of the enzyme, i.e. the hydrolysis of E2P and the
conversion of E2 into E1 [26]. Similar effects of K+ have been
described in the SERCA pump and a K+-binding site has been
localized in the “P” domain of the protein by X-ray crystal-
lography [27]. The SERCA K+-binding residues are conserved
in the PMCA except for the substitution of glutamate 732 by
aspartate in PMCA in agreement with the proposal of a
conserved K+-binding site in the P-ATPase family [27].4.5. Inhibition of the Ca2+-independent pNPPase activity by
ATP
We found that in the absence of Ca2+, ATP at all the
concentrations tested decreased the pNPPase activity. The Ki
for ATP as inhibitor of the pNPPase activity was similar to the
know value of the Km for the low affinity ATP modulation of
the Ca2+ ATPase activity. This result is consistent with the
previously proposed role of ATP as a competitive inhibitor of
pNPP hydrolysis at the low affinity site [16]. With lower
apparent affinity ADP mimicked the inhibitory effect of ATP on
the pNPPase. Recent findings indicate that in SERCA there is
only one ATP binding site which is in a tightly fitted catalytic
mode in the E1 conformer and in a more exposed modulatory
mode in E2 [24]. The binding of ATP in the modulatory mode
leads to a tighter association between the P-domain and the N-
domain in a structure that may represent an initial state of the E2
to E1 transition and the concomitant decrease of the ability to
hydrolyze pNPP.
A catalytic cycle like that shown in Scheme 1 may be
proposed for the pNPP and ATP hydrolytic activities of the
PMCA. In the presence of Ca2+ and mM concentrations of ATP,
the hydrolysis of ATP coupled to the transport of Ca2+ would
follow reactions 2–3 and 6–8. In the absence of ATP, pNPP
hydrolysis would proceed at a low rate by reaction 1′ in the
presence of Ca2+ and at high rate through step 4′ in the absence
of Ca2+. The effects of different ligands on the partial reaction of
dephosphorylation (reaction 4) are similar to those described
here for the pNPPase activity in the absence of Ca2+ (reaction
4′). Thus like the pNPPase, the dephosphorylation reaction is
activated by Mg2+ [28], K+ [26] and acidic lipids [11]
suggesting that similar structural rearrangements take place
during the hydrolysis of EP and pNPP.
It has been previously shown that micromolar concentra-
tions of ATP in the presence of Ca2+ activate the pNPPase
activity [12–14]. At the light of the present results the
activation of the pNPPase by ATP could be associated with
the escape through steps 1–4 (Scheme 1) from the conforma-
tion of low pNPPase activity in which the enzyme is locked
by Ca2+. The fact that ADP was unable to activate the
pNPPase activity even in the presence of Ca2+ is consistent
with this idea.
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